Vessel-based transects have been a mainstay of seabird research for decades, yet there has been surprisingly little effort to evaluate the detectability of seabirds within strip transects. Distance sampling methods offer an opportunity to quantify detectability and assess the proportions of birds on the water that may be missed during strip transects. Three summers of line-transect surveys were analyzed using the program Distance to model detection functions of 6 seabird taxa (marbled murrelet Brachyramphus marmoratus, rhinoceros auklet Cerorhinca monocerata, common murre Uria aalge, pigeon guillemot Cepphus columba, pelagic cormorant Phalacrocorax pelagicus, gulls Larus spp.). We tested the effects of covariates (year, observers, sea state, and cluster size) on detection function estimation. Year and observer were the most important covariates for some but not all species. For a 300 m wide transect (150 m on either side), 20 to 80% of birds were detected, depending on species, year, and observer. Detectability was highest for cormorants (60 to 90%) and fairly similar among other species (typically 40 to 60%). Sea state had a significant effect on encounter rate for murrelets suggesting that g(0), detection probability near the transect line, may be <1 when wave height increases. These data emphasize that a high proportion of birds on the water remain undetected during strip-transect surveys. It is important that surveys develop independent estimates of detection probability to account for detectability among species, years, observers, vessel types/speed, and viewing conditions. The application of distance sampling to seabird surveys can provide more accurate abundance and population estimates, which can improve conservation and management efforts.
INTRODUCTION
Reliable census techniques and accurate assessments of animal densities are fundamental to wildlife research, monitoring and estimation of population size (Braun 2005) . Vessel-based transect surveys have been a part of seabird research for nearly a century (Jespersen 1924 , Wynne-Edwards 1935 and a mainstay of seabird biology since the 1960s (Brown et al. 1974 , Tasker et al. 1984 . Transect surveys using standardized protocols (Tasker et al. 1984) have contributed substantially to understanding seabird ecology (>150 peer-reviewed publications found with a Web-of-Science search). Despite their ubiquitous use in seabird research, vessel-based transects are not without methodological problems and biases. This is of particular interest when monitoring populations of threatened species or in conducting environmental impact studies for seabirds at sea. Of central importance are factors affecting accuracy of density and abundance estimates (e.g. Hyrenbach 2001, Spear et al. 2004) .
In all studies, some birds on the water are not detected, leading to underestimates of seabird densities. With standardized strip-transect surveys (Tasker et al. 1984 ) the basic assumption is that all objects within the strip are detected. However, distance sampling methodology has shown empirically that this assumption is usually violated because individuals closer to the transect line have a higher probability of detection than those further from the line (Buckland et al. 2001 (Buckland et al. , 2004 . Rather than counting organisms within a predetermined transect width, distance sampling records the perpendicular distance of individuals (or clusters/ flocks) from the transect line. Based on these distances, Distance software (Thomas et al. 2006 ) provides estimates of the proportions of organisms missed during surveys, thus allowing more accurate density estimates.
Marine mammal and sea turtle researchers have been developing and employing distance sampling protocols for decades (Burnham et al. 1980 , Laake et al. 1997 , Beavers & Ramsey 1998 which have now become the backbone of robust density and population estimates (Forcada et al. 2004 , Slooten et al. 2004 , Gomez de Segura et al. 2006 . Distance sampling has been advocated to improve the reliability of bird surveys (Rosenstock et al. 2002 , Thompson 2002 ), yet transect surveys for marine birds have been slow to adopt this method. The one exception has been with marbled murrelets (Brachyramphus marmoratus) where distance sampling has been readily used (Becker et al. 1997 , Evans Mack et al. 2002 , Peery et al. 2004 , 2007 . Newer monitoring programs have been amenable to adopting distance sampling protocols (RIC 2001 , Raphael et al. 2007 ), but established and longer-term seabird survey programs have used striptransect and are hesitant to change protocols (Pyle 2007) . Several European programs (Komdeur et al. 1992 , Camphuysen et al. 2004 ) and one Canadian program (Eastern Canadian Seabirds At Sea) have adopted distance sampling protocols for seabird surveys.
Distance sampling methodology has been thoroughly developed (Buckland et al. 2001 (Buckland et al. , 2004 and evaluated (Kulbicki & Sarramegna 1999 , le Mar et al. 2001 , Norvell et al. 2003 . Our goal is not to validate the technique further but rather to demonstrate its relevance for seabird surveys and to examine the variability in detection probabilities for a variety of species and conditions. We assessed the effects of year, observer bias, sea state, and cluster size on seabird detection functions. We compared parameter estimates showing the proportion of birds detected for fixed-width strip transects of 200 or 300 m (100 or 150 m on either side of the boat). The results and methods are relevant for other vessel-based surveyors who wish to use distance sampling to improve the accuracy of seabird density estimates, including those based on strip transects.
MATERIALS AND METHODS
Study area and organisms. Line-transect surveys were conducted between 20 May and 8 August in 3 years (2004) (2005) (2006) . The study area was located in the West Coast Trail unit of Pacific Rim National Park on the southwestern coast of Vancouver Island, British Columbia, Canada (Ronconi & Burger 2008) . This is a 65 km stretch of coast exposed to the Pacific Ocean. All surveys were conducted within 2 km from land in waters < 40 m deep.
Sample sizes for distance sampling analysis were sufficient to investigate 6 taxa: 4 Alcidae (marbled murrelet, rhinoceros auklet Cerorhinca monocerata, common murre Uria aalge, pigeon guillemot Cepphus columba), one cormorant (pelagic cormorant Phalacrocorax pelagicus), and gulls (glaucous-winged gull Larus glaucescens; and California gull L. californicus; pooled as Larus spp.). This range of species provides a representative array for distance sampling analysis typical of the communities encountered in coastal waters of the northern hemisphere: pursuit divers (alcids/cormorants) vs. surface feeders (gulls), small (murrelets/guillemot/auklet) vs. large birds (murre/ cormorant/gull), and drab (murrelet/auklet) vs. conspicuous alcids (guillemot/murre).
Survey methods. All surveys were conducted from a 5 m rigid-hull inflatable boat traveling at approximately 10 km h -1 . Observer height was 1.5 to 2 m above the water surface. Surveys were conducted with paired observers (Evans Mack et al. 2002) at the bow, each scanning one side of the transect line from directly ahead to 90 o abeam. Search pattern included equal effort through the 90 o arc and out to about 300 m from the transect line. Although flying birds were recorded as well, search effort emphasized birds on the water because most species examined were pursuit divers. Observers on each side were independent but communicated to each other about birds near or on the transect line so as not to double count these groups. All observations were recorded on hand-held audio recorders and later transcribed.
Distance sampling analysis was restricted to birds on the water. Surveys followed distance sampling protocols (Buckland et al. 2001 ) recording bird clusters (individual birds or groups of birds of the same species), perpendicular distance from the transect line (estimated at the time of first detection), and cluster size. Although Buckland et al. (2001) recommend recording angles to birds and distance at first detection (radial distance), we estimated perpendicular distance from the transect line which, for murrelets, is as accurate as radial distances (Raphael et al. 1999) . Birds were considered to be in clusters if they were within 2 m of each other, or if they were slightly further apart and were foraging together or exhibiting similar behavioral cues (Becker et al. 1997) . Observers were trained in distance estimation by towing a line with 3 buoys spaced at 10, 25, and 50 m behind the boat. Other calibration techniques with hand-held calipers (Heinemann 1981) are not well suited for small vessels with observer height close to sea level. The buoy line was used for the first 3 weeks each year, until observers were competent at estimation to ±10 m, and used again periodically several days per month. This training method emphasized consistency among observers in distance estimation. There were multiple observers each year (2 in 2004 and 3 in 2005 and 2006) with one observer (R.A.R.) consistent in all years.
During each survey we collected environmental data on viewing conditions, and restricted surveys to periods of low swell (<1.5 m) and low winds (Beaufort sea state ≤ 3). For analysis we coded sea state into 2 categories as per Becker et al. (1997) : excellent/very good (Beaufort 0 to 1) and good/fair (Beaufort 2 to 3). Most observations were collected on days without fog and on a few days when fog was patchy and visibility to at least 100 m. Glare had little effect on data collection; morning glare was minimal because transects were close to shore where the sun rose over land and few transects were conducted late in the day when late afternoon glare was a problem.
Transects layout included 2 designs: zig-zags and parallel lines perpendicular to the shore. The zig-zag transect layout was systematic to cover the length of the study area and was bounded by the 5 and 20 m depth contours, the latter delineating the seaward park boundary. Depending on shoreline complexity and navigation hazards, zig-zag legs were on average 1.6 km long (range 0.9 to 2.9 km) and typically bisected the coastline at 45 o angles. Total zig-zag length was 77 km which was surveyed 5 to 6 times in 2005 and 2006. In some sectors of the study area, we established a series of parallel transects, spaced 500 m apart and oriented perpendicular to shore. These transects were bounded by the 5 and 40 m depth contours (approx. 1 to 2 km offshore). This design was used at one site in 2004 (total length 13.4 km; 7 parallel legs) and expanded to 6 other sites in 2005 and 2006 (mean length 7.0 km, range 5.2 to 8.3 km; 3 to 4 parallel legs). All data were pooled for analysis.
Calculating densities from transects. We present a basic equation useful for the interpretation of results in this study (see also Buckland et al. 2001 for complete distance sampling equations). The basic estimate of densityD for objects in a study area can be calculated by the number of objects counted n divided by the area surveyed a. In the case of a strip-transect line, the area surveyed is equal to the strip width 2w multiplied by the total length L of the transect. Here w represents the width on one side of the boat (e.g. 150 m) and is multiplied by 2 when observers are counting birds on both sides of the boat.
(1)
With line transects, however, not all of the objects within the survey area a are detected, thus P a , estimated with the Distance software, is included to represent the proportion of birds detected within the survey area. When the objects are groups of organisms, an estimate of mean group size E(s) is also introduced as a multiplier in the equation:
(2) Buckland et al. (2001) present several methods for unbiased estimates of E(s). We used the regression estimator which estimates mean cluster size by the predicted mean cluster size on the transect line, where object detection is certain (Buckland et al. 2001) .
Other multipliers may also be included in the equation to correct discrepancies in the detection function. One important multiplier is g(0), the probability of detecting a bird on or near the transect line. A critical assumption of distance sampling is that all objects on or near the transect line are detected, i.e. g(0) = 1, however if this assumption is not met then g(0) can be introduced into the equation as:
(3)
Assumptions of distance sampling. For effective distance sampling analysis, there are 3 basic assumptions that should not be violated (Buckland et al. 2001 , Rosenstock et al. 2002 .
Assumption 1: all birds on the transect line are detected: g(0) = 1, where g(0) is the probability of detecting birds at distance zero. Few studies validate this critical assumption (Bächler & Liechti 2007) . There are 2 reasons why diving birds, or other air-breathing marine divers, may not be detected: (1) availability bias (animals are missed because they are submerged) and (2) perception bias (visible animals are missed for other reasons e.g. sea state, distance) (Marsh & Sinclair 1989 , Laake et al. 1997 . Availability bias should be minimal for seabirds which spend a high proportion of time visible on the surface, compared to marine mammals. Average dive times for murrelets are only 25 s (Jodice & Collopy 1999) , therefore at our boat speed (10 km h -1 ), birds that dove < 70 m ahead of the boat would resurface after the boat had passed. We expect to be able to detect most birds within this distance before they dive. Average dive times for other specieŝ
are similar or slightly longer, but these are larger and more conspicuous species. Some birds dive in response to approaching boats, thus additionally affecting availability bias. Murrelets typically dive when a boat approaches closer than 40 m (Bellefleur et al. 2009 ), but at this response distance we expect that most birds were detected prior to escape by diving. Evans Mack et al. (2002) tested visibility bias for marbled murrelets finding that g(0) ranged from 0.84-0.93 with double observers. However, average boat speed in their study was (20 km h -1 ), twice that of our study, therefore, g(0) may be closer to 1 in our study. Nevertheless, we conducted a test of potential sea state effects on g(0) (see 'Data analysis' below). Assumption 2: birds are detected prior to evasive movements. We recorded perpendicular distance to the transect line at the time of first detections, therefore typically before the boat was close enough to cause evasive movements. Elsewhere, murrelets typically moved <10 m before detection for distance sampling (Brennan 2000) .
Assumption 3: distances are measured accurately. We maintained the accuracy of distance estimation by thorough and repeated training ('Survey methods', above), but because distances in the field were rounded to 10 m increments, our precision is limited to this scale, and therefore distances were grouped into bins for analysis (Buckland et al. 2001) .
Data analysis. Data were analyzed using Distance 5.0 Release 2 (Thomas et al. 2006 ) and the multiple covariates distance sampling (MCDS) engine. We followed analysis guidelines outlined by Buckland et al. (2001) which include exploratory analysis, model selection, and final analysis and inference.
Exploratory analysis included plotting of histograms of various groupings (distance bins), truncation of data, and inspection of cluster-size bias. Histograms of various bin sizes were constructed in SPSS 15.0. The minimum bin size of 10 m indicated heaping or rounding errors, but bins of 20 m increments ( Fig. 1 ) showed a broad shoulder (most detections near the transect line), little evidence of evasive movements, and evidence of outliers beyond 150 m (Buckland et al. 2001 ). Consequently analyses were done using distance bins of 20 m (0-20, 21-40, etc.). Distance analysis allows for uneven bin sizes when required and the final bin was only 10 m wide (141 to 150 m) to accommodate the selected truncation distance (see below). Buckland et al. (2001) recommend data truncation to eliminate outliers and improve model fitting. We selected a truncation of 150 m on either side of the boat (i.e. overall a 300 m band) for 2 reasons. First, 150 m falls within the range of truncation from previous studies using distance sampling with murrelets (160 m, Becker et al. 1997; 120 m, Peery et al. 2006 ). Second, a 150 m width on both sides has been the standard for annual surveys conducted by Parks Canada in our study area since 1993 (Burger et al. 2008 ) and for other seabird surveys off the British Columbia coast (Burger et al. 2004) . Note that 300 m bands (typically on one side of the vessel) have been the standard protocol (Tasker et al. 1984) , but this distance was selected particularly to count flying birds. A 150 m wide transect is more appropriate for small boats (this study) and reduces the scanning time in areas far way from the boat, thus decreasing the likelihood of missing birds near the midline.
Cluster-size bias frequently occurs in survey work because at greater distances from the transect line larger clusters of birds are more easily detected than smaller ones (Buckland et al. 2001) . Unbiased estimation of mean cluster size is essential for accurate density estimation. We tested for cluster-size bias by looking at correlations between cluster size and distance from transect line for different truncation distances (300, 150, 100, 50 m) using SPSS 15.0. When clustersize bias was detected, regression techniques were used to determine an unbiased cluster size estimate for density calculations in subsequent analyses (Buckland et al. 2001) .
The program Distance allows several key functions and series expansion terms for modeling the detection function. For each species, we tested the following models (and series expansion terms) which may be used in MCDS: half-normal (cosine or hermite polynomial) and hazard-rate models (cosine or simple polynomial). Model fit and ranking was assessed using Akaike's Information Criterion with correction for small samples sizes (AIC c ) (Burnham & Anderson 2002) . For all species, except pigeon guillemot, hazard-rate models provided the best fit to the data (lowest AIC c score). For pigeon guillemots, the half-normal model fit best though the hazard-rate model also fit the data well (ΔAIC c < 2). For gulls, cormorants and guillemots, series expansion terms were not included in the best fit model. Cosine series expansion was included in the best fit model for murrelets and simple-polynomial terms were included in the best fit models for auklets and murres. Hazard-rate models with or without appropriate series expansion terms were used for subsequent analyses.
MCDS analyses were conducted to test for effects of the covariates year, observers, sea state and cluster size on the estimation of detection functions for each species. The year covariate was assessed at 3 levels for murrelets (2004, 2005, 2006) , 2 levels for murres and cormorants (2005, 2006) , and not tested for other species due to sample size constraints. We excluded one observer (Obs 2) from guillemot, cormorant and gull models because n < 5 observations for each spe-cies. Sea state was coded at 2 levels for analysis: Beaufort sea states 0 to 1 and 2 to 3 (described in 'Survey methods', above). Because fitting the detection function with multiple covariates can be computationally difficult, often resulting in model convergence failure, we followed steps outlined in the Distance User's Manual (p. 117-120) to facilitate convergence:
(1) A scale parameter was used and initial models were run with the number of adjustment terms manually set to zero.
(2) Initial models included a null model (no covariates) and univariate models with each covariate on its own. (3) Starting with the sim-plest model (null), covariates were added one at a time and covariates which gave the best fit (lowest AIC c ) were selected. Forward stepwise selection was conducted by adding additional covariates until there was no decrease in AIC c . (4) In each step of the modelbuilding procedure, parameter starting values are set manually from the estimates of the previous model. (5) Finally, to check model convergence, MCDS models were compared to a Conventional Distance Sampling (CDS) model with no covariates but the same key function plus adjustment terms. MCDS models should have a likelihood that is as high, or higher, We developed estimates of P a which are relevant to commonly used widths in fixed-width strip transects surveys of seabirds: 300 m (150 m truncation on both sides) and 200 m (100 m both sides; e.g. Agler et al. 1998) . Parameter estimates of P a were obtained for global models (all data and the best fit model) and individual covariate levels using post-stratification by the covariates.
Finally, we assessed the potential effects of sea state on g(0). Lower murrelet densities with increased wave height suggests that g(0) may be reduced by increased sea states (Becker et al. 1997) . We compared murrelet encounter rates (n/L = number of clusters counted per distance traveled) for different sea state conditions (Beaufort sea state 0 to 3). Encounter rates were calculated for each sea state code (if >1 km of survey was conducted at that sea state) on each survey day (unit of analysis). Detection of birds should remain certain or nearly certain at small distances from the line (Buckland et al. 2001 ), therefore we limited the assessment of encounter rates to birds detected near the line (≤ 60 m for murrelets and murres, ≤ 80 m for cormorants) which corresponds with the 'shoulder' of the histograms (Fig. 1) , akin to the distance of 'perfect' detection (Kissling & Garton 2006) . Analysis of variance (ANOVA) was used to compare encounter rates under different sea-state conditions for species with sufficient sample size (murrelet, murre, cormorant).
RESULTS
Over 3 yr we conducted 1429 km of line transect surveys (2004 = 105 km; 2005 = 631 km; 2006 = 693 km). We recorded > 8000 clusters of seabirds, 70% of which were marbled murrelets, and most were detected within 80 m of the transect line (Fig. 1) . Three species, pigeon guillemot, pelagic cormorant and gulls, showed some decrease in detection for intervals closer to the transect line, suggesting that these 2 species may exhibit evasive behaviour from approaching boats. However, because the decrease in detections close to the line was not extreme and these are fairly conspicuous species, we assume that most birds were detected before any evasive movements.
Cluster-size bias
Based on distance vs. cluster-size correlations, pigeon guillemots and pelagic cormorants showed no evidence of cluster-size bias, and common murres and gulls showed no bias when data were truncated at ≤150 m (Table 1) . Marbled murrelets and rhinoceros auklets showed extensive cluster-size bias at most truncation distances; this bias was only eliminated for data < 50 m from the boat. Despite these results, cluster size was identified as an important covariate for pelagic cormorants and pigeon guillemots (Table 2) .
Model selection and covariates
MCDS tested the influence of potential covariates on the fit of detection functions. 
Parameter estimates
We developed parameter estimates of P a , proportion of clusters detected, for each species and significant covariates identified in Table 2 . Table 3 provides parameter estimates for data truncation at 150 and 100 m, i.e. 300 and 200 m wide transects respectively. For 300 m wide transects, P a estimates suggest that generally between 40 and 60% of alcid groups are detected, apparently unrelated to size or conspicuousness of the species. For the largest species, 69% of cormorants were detected but surprisingly only 44% of gulls were detected.P a estimates varied considerably among years (murrelets, 0.393 to 0.587; cormorants, 0.604 to 0.903) and observers (murrelets, 0.228 to 0.625; guillemots, 0.377 to 0.803). For 200 m wide transects, P a estimates increased by about 0.1 for most species but as much as 0.2 for cormorants.
Sea state effects on g (0)
Comparison of cluster encounter rates of birds near the transect line can provide some indication of sea state effects on g(0). From 1429 km of transects (54 d), 22% (n = 29 d), 43% (n = 44), 29% (n = 32) and 6% (n = 14) were conducted during sea states 0, 1, 2, and 3 respectively. Sea state effects were variable among species (Fig. 2) . Encounter rates did not vary among sea states for common murres (ANOVA: F 3,115 = 0.679, p = 0.567) or pelagic cormorants (F 3,115 = 0.125, p = 0.945). Sea state did affect encounter rates for marbled murrelets (F 3,115 = 2.716, p = 0.048) with significant post-hoc tests (Tukey's HSD) showing higher encounter rates during sea state 0 (mean 3.93 ± 0.59 SE clusters km -1 ) compared to sea state 2 (2.22 ± 0.32, p = 0.036) but not sea states 1 (2.65 ± 0.33, p = 0.132) or 3 (3.03 ± 0.70, p = 0.671). This suggests the potential for 304 Table 3 . Parameter estimates for detectability of seabirds surveyed using line transects. P a estimates from program Distance indicate the proportion of birds on the water detected for 150 and 100 m data truncation which corresponds to 300 and 200 m wide strip transects respectively. Parameter estimates are provided only for covariates which were identified as important predictors in the best fit models for each species (Table 2) . Density estimates are not provided for individual observers because these values are additive for higher levels (year or global model). Global P a estimates are from the best fit models with covariates (Table 2) g (0) < 1 for murrelets, but not murres or cormorants, when sea state increases.
DISCUSSION

Detection of seabirds
Reliable assessment of animal densities is an integral part of wildlife research (Thompson 2002 , Braun 2005 . Accurate density estimates allow for robust population estimations and population trend analysis which is essential for the conservation and management of threatened marine species (Slooten et al. 2004 , Gomez de Segura et al. 2006 , Slooten et al. 2006 . Although it has long been recognized that the detectability of seabirds decreases with distance from a transect line (Dixon 1977) , few seabird studies have tried to quantify this. Previous studies have developed methods to account for detectability of birds in flight (e.g. Spear et al. 2004 , Hyrenbach et al. 2007 . Our study provides a comprehensive analysis of detectability of birds on the water.
Our results suggest that, even within 150 m of the transect line in relatively calm conditions, anywhere between 25 and 90% of bird groups on the water may be detected, depending on species, year and/or observer. Marbled murrelets were the smallest species evaluated and estimates of detection probability among years ranged from 39 to 59% with 150 m truncation and 54 to 65% with 100 m truncation. Becker et al. (1997) reported 49 to 66 m effective strip widths from 160 m truncated data which convert into 31 to 41% detection. With 120 m data truncation, Peery et al. (2006) had detection probabilities ranging from 44 to 55% (calculated from f(0) estimates in their Appendix Table 2 ). Raphael et al. (2007) had detection probabilities of 55% (175 m truncation; calculated from f(0) estimates in their Appendix 4). Therefore, across multiple studies, marbled murrelet detection probabilities appear to vary considerably between 40 and 65%, partially depending on transect width.
Conspicuousness can affect the detection and counting of animals along transects (Ryan & Cooper 1989 , Spear et al. 2004 . Marine mammal surveys frequently incorporate correction factors for different species (Forney & Barlow 1998) , but there are few published data on detection probabilities for seabirds other than marbled murrelets. Hyrenbach et al. (2001) used distance sampling to count shearwater carcasses for mortality estimates and found effective strip widths of 42 to 55 m, which are comparable to estimates for live murrelets (Becker et al. 1997) . Although several studies have recommended the use of distance sampling for seabird transects (Hyrenbach et al. 2001 , Camphuysen et al. 2004 , Huettmann & Diamond 2006 , we found no published detection functions for other seabird species. Our data demonstrate that detectability varied among species, though most alcids showed similar detection functions. Pelagic cormorants were detectable over much greater distances likely owing to their size and height. Nevertheless, despite the apparent conspicuousness of cormorants, year was still an important covariate when modeling detection functions, suggesting that detectability is not perfect even for this relatively large species. Strip-transects also show speciesspecific differences in seabird detectability (Hyrenbach et al. 2007 ).
Effects of covariates
Systematic biases in counting procedures can be an important source of error in estimating bird abundance (Thompson 2002 ) but inclusion of covariates can minimize the heterogeneity in detection probabilities (Marques & Buckland 2003) . In our study, we assessed variability in detection functions with the inclusion several covariates: year, observer, sea state and cluster size.
Year was an important covariate for murrelets and cormorants but not murres. Likewise, other studies have observed differences in detection functions among years for marbled murrelets (Becker et al. 1997 , Peery et al. 2004 . The significance of year as a covariate could be explained by annual changes in bird abundance and distribution in the study area. Changing distribution of prey from one year to the next can significantly alter the distribution and aggregation of seabirds (Davoren 2000) . In years when seabirds are more dispersed or in smaller groups, they may be harder to detect and thus the detection functions may differ. However, this effect should have been accounted for by the cluster size covariate, thus, the year effect may also be picking up differences in covariates that were not measured or included in the analysis. The detectability of birds during transects may also decrease as a function of decreasing bird density (Ostrand et al. 1998) . In our study, murrelet and cormorant densities varied annually, but high density years did not necessarily result in higher detectability (Table 3) . Differences among observers' abilities to detect birds in vessel-based seabird surveys may sometimes be large (van der Meer & Camphuysen 1996) . Observer biases may result from differences in observer's visual acuity, attentiveness and experience (Ralph & Scott 1981 , Laake et al. 1997 . Observers may even show differences in detecting birds on the transect line, g (0), where birds should be easiest to detect (Evans Mack et al. 2002) . Observer was an important covariate in another murrelet study (Peery et al. 2006) and for 2 species in this study. These biases appear to be unrelated to experience in our study sinceP a estimates for inexperienced observers (Obs 3, 4, 5) overlapped with those of experienced observers (3+ yrs experience: Obs 1, 2, 6). Despite training, observer biases may have resulted from general over-or underestimation of distances by particular individuals (Obs 3, lowestP a estimates; Obs 6 highestP a estimates). However, if measurement error was the primary source of observer bias, we would have expected observer to be a significant covariate for all species; this was not the case. Observer 3 also had the lowest encounter rates (no. of clusters, Table 3 ), which is consistent with lower detection rates. Thus it is likely that there are real differences in the way observers searched or were able to identify birds. Observer differences are quite real and coping with them is one of the advantages of distance sampling.
Winds and associated waves can affect observers' abilities to detect animals at sea. This may be particularly true for smaller cryptic species such as marine birds (Evans Mack et al. 2002 , Peery et al. 2006 or turtles (Beavers & Ramsey 1998) . Surprisingly, sea state was not included in the best models for any species in our study. The lack of significance for sea state as a covariate simply means that the proportion of birds detectedP a does not change. This suggests that even when fewer birds overall may be detected in poor viewing (e.g. 10 birds) vs. good viewing conditions (20 birds), the proportion of birds detected near the transect line vs. farther from the transect line could remain the same (9:1 during poor conditions vs. 18:2 during good viewing conditions). ThusP a may remain unaffected by sea state, but g(0) can still decrease with increased sea state.
This study was not designed explicitly to provide estimates of g(0). Alternatively, comparisons of bird densities near the transect line provide some evidence of how g(0) may vary with sea state. Densities of murrelets encountered on transects decreased for sea states 2 to 3 compared to sea states 0 to 1 in California (Becker et al. 1997) . Similarly, for murrelets, we observed decreased encounter rates in sea states > 0, though there was no statistical difference between the calmest conditions (0) and the roughest (3). Increased sea states may affect the behaviour of birds making them less detectable: higher sea state increases dive bout duration of murrelets (Jodice & Collopy 1999) or the proportion of time spent at sea for species that frequently loaf or roost on land (cormorants, gulls, guillemots). If the latter is true, or birds move away from the study area during rough conditions, then using encounter rates to test g(0) is inappropriate. Other factors, such as observer experience or animal group size, may also cause g(0) < 1 (Laake et al. 1997 , Evans Mack et al. 2002 . More effort should be placed on validating the critical assumption g(0) = 1 for seabirds. Our surveys sampled only relatively calm seas (Beaufort scale ≤ 3) and it is likely that sea state would greatly affect detectability in rougher seas. Larger vessels frequently continue surveys in Beaufort sea-states > 3. The multiple observer approach used by Evans Mack et al. (2002) is likely the best way to test assumptions of g(0) under a variety of conditions.
Implications for at sea surveys
Estimates ofP a (Table 3) are potentially useful as correction factors for fixed-width strip transects. However, we do not recommend that they be used as such because these estimates varied considerably among years and observers and therefore are not directly transferable to other studies. Moreover, our surveys were conducted from a slow-moving small boat and detectability will likely vary with boat size (observer height above sea) and speed. Boat size and speed may also affect the extent to which birds are repelled (or attracted) and the distance at which this might happen (Hyrenbach 2001 , Hyrenbach et al. 2007 , Bellefleur et al. 2009 ). Furthermore, correction factors are not directly applicable to all boat transect surveys because environmental factors will differ among regions and habitat types. We tested only effects of sea state, but wind direction, sun glare or water clarity are also known to affect detectability (Briggs & Hunt 1981 , Hyrenbach et al. 2001 , Evans Mack et al. 2002 .
Parameter estimates for 150 m truncation (300 m strip sampled on both sides of the vessel) are not applicable to surveys that follow the Tasker et al. (1984) protocols for 300 m strip transects which record birds only on one side of the vessel. Birds, such as alcids, that spend a considerable amount of time on the water (Tremblay et al. 2003 ) could be substantially underestimated with single-sided 300 m wide transects. In this study, < 4% of all alcids and <10% of gulls and cormorants were detected between 150 and 300 m (sample sizes in Table 1) suggesting extremely low detectability in this distance band. For flying birds, a 300 m, or wider, single-sided strip may be suitable for many species (Hyrenbach et al. 2007 ), but smaller and more cryptic species are underestimated with standard strip transects (Spear et al. 2004) .
Marine mammal researchers routinely use distance sampling when estimating densities and population size (Forcada et al. 2004 , Slooten et al. 2006 . We recognize 3 main reasons why seabird biologists have been reluctant to incorporate distance sampling in survey protocols. (1) Although accurate density estimation is worthwhile, trend analysis based on long-term datasets is also important. Many long-term seabird survey programs have used fixed-width transects (e.g. Pyle 2007 ) and there are concerns over comparability between methods. Implementing distance sampling in the field still allows one to analyze the data as strip transects (of any desired width), but the opposite is not true. Nevertheless, it is possible that observers using distance sampling might inadvertently focus greater attention on birds near the vessel given the strong emphasis in distance sampling of having g(0) = 1, whereas observers doing strip transects might be more likely to see distant birds. This potential bias in observer effect needs to be more fully investigated if data from the 2 methods are to be compared or combined.
(2) Distance sampling techniques are more readily applicable to birds on the water than to birds in flight. This is particularly important for surveys of pelagic species that spend a considerable amount of time on the wing. A variety of techniques are employed to assess densities of birds in flight (e.g. Tasker et al. 1984 , Spear et al. 2004 , Hyrenbach et al. 2007 ). Application of distance sampling to birds in flight is a major obstacle that must be addressed.
(3) Distance sampling is effort intensive and seabirds are frequently encountered in patches of high densities, making recording of distances to individual birds/ flocks difficult. Experienced observers have claimed that true distance sampling techniques are not practical to record seabirds at sea; e.g. Hyrenbach et al. (2001, p 15) commented that distance sampling 'should be employed only when seabirds are sparse and nonmobile, and enough observers are available to estimate the perpendicular ranges to sightings and to monitor birds directly on the track'. We agree that recording exact distance to all groups is not practical in many situations. Instead, some seabird programs use grouped (binned) distances rather than ungrouped (exact) distances for bird detection (Komdeur et al. 1992 , Camphuysen et al. 2004 ). Yet in situations where birds occur in extremely high densities (e.g. rafts of shearwaters in Alaska), the errors associated with distance sampling (group size and distance estimation) may outweigh the uncertainty associated with strip transects. In these high density situations, narrow strip transects, which minimize detectability bias and allow for more precise counting of many individuals, may provide the most accurate density estimates.
CONCLUSIONS
Our study shows clearly that standard strip-transect methods underestimate densities of birds on the water. Based on our results, we make the following conclusions and recommendations: • The assumption of perfect detection within a striptransect is very unlikely unless the strip is very narrow (e.g. 50 to 100 m). • Because year and observer were important predictors for some species, a single species-specific correction factor is not applicable to all surveys. Collection of distance data can be used to estimate surveyspecific detection probability. • Observer differences in this study appear to be related to observer search and detection ability rather than measurement error. Distance sampling is only useful if distances are measured accurately, thus, observer training and testing is important. • Distance sampling offers the ability to identify and correct for detectability biases which may include weather, species, observers and platform types. Additionally we identify 4 important considerations that must be addressed for widespread use of distance sampling with seabird surveys: • Appropriate methods should be developed to apply distance sampling with birds in flight. • For some species, g(0) may be <1 and is likely affected by weather conditions, platform types, and avoidance (or attraction) behaviour of birds. It will be important to conduct independent observer experiments to evaluate g(0). • Techniques must be amenable to situations where birds occur in very high densities. • Distance sampling methods should ensure that results are compatible with long-term survey programs using strip transects. Distance sampling offers the ability to correct for important survey biases among platforms, species and regions which will help increase the precision of population estimates and make survey results comparable among study areas. This is crucial for merging data sets and findings globally. Surveys that do not account for detectability issues in density estimation can be biased, which may interfere with population assessment (Norvell et al. 2003) . Studies analyzing population trends or comparing the distributions of birds relative to biophysical landscapes could, arguably, work adequately with relative abundance indices (strip transects) rather than distance sampling density estimates. Nevertheless, the use of distance sampling to correct for detectability issues should increase the accuracy and precision of all transect-based studies of seabirds. 
